A 30-kD coenzyme A (COA)-binding protein was isolated from spinach (Spinacea oleracea) chloroplast soluble extracts using affinity chromatography under conditions in which 95% of the total protein was excluded. The 30-kD protein contains an eight-aminoacid sequence, DVRLYYCA, that is identical t o a region in a 36-kD protein of unknown function that i s encoded by a kiwifruit (Actinidia deliciosa) cDNA. Southern blotting also detected a spinach gene that is related to the kiwifruit cDNA. The kiwifruit 36-kD protein that was synthesized in Escherícbia coli was imported into chloroplasts and cleaved to a 30-kD form; it was processed to the same size in an organelle-free assay. Furthermore, the kiwifruit protein specifically bound to COA. The kiwifruit protein contains a single cysteine within a domain that is related to the peroxisomal 6-ketoacyCCoA thiolases, which catalyze the COA-dependent degradative step of fatty acid P-oxidation. Within 50 amino acids surrounding the cysteine, considered to be part of the thiolase active site, the kiwifruit protein shows approximately 26% sequence identity with the mango, cucumber, and rat peroxisomal thiolases. N-terminal alignment with these enzymes, relative to the cysteine, indicates that the 36-kD protein is cleaved after serine-58 during import, agreeing with the estimated size (approximately 6 kD) of a transit peptide. The 30-kD protein is also related to the E. coli and mitochondrial thiolases, as well as t o the acetoacetylSoA thiolases of prokaryotes. Features distinguish it from members o f the thiolase family, suggesting that it carries out a related but nove1 function. The protein i s more distantly related to chloroplast P-ketoacyl-acyl carrier protein synthase III, the initial condensing enzyme of fatty acid synthetase that utilizes acetyl-COA.
lar export. The latter "eukaryotic" pathway is mediated by an acyl-COA synthetase of the outer membrane, leading to the production of complex lipids in the cytosol (for reviews, see Stumpf, 1987; Ohlrogge and Browse, 1995) .
We have been investigating the biosynthetic pathway of ACP, to which fatty acid chains are attached during their elongation. During these studies (L.-M. Yang and G. Lamppa, unpublished results) we developed a protocol to purify the chloroplast holoACP synthase, identified as a soluble enzyme Lamppa, 1990, 1991) that transfers the functional prosthetic group to apoACP from COA. COA-affinity chromatography was employed as a biochemical screen to rapidly search for a small group of chloroplast proteins with a high affinity for COA. One of these proteins, which was equal to 30 kD and showed the same affinity for COA as the holoACP synthase but has not been shown to possess this activity, was subjected to an interna1 sequence analysis. An eight-amino-acid sequence was identical to a region within a 36-kD protein that was encoded by a kiwifruit (Actinidia deliciosa) cDNA clone (pKIWI502) of unknown function, prepared from RNA differentially expressed in fruit (Ledger and Gardner, 1994) .
Because of the strong affinity the spinach (Spinacia oleracea) 30-kD protein showed for COA in our chromatography experiments, the primary sequence of the kiwifruit 36-kD protein was carefully examined for motifs that might be important for the activity of proteins known to utilize COA or its derivatives. One characteristic of some of these enzymes that are needed either during fatty acid synthesis or P-oxidation is a special Cys residue that permits acyl-group transfer from one substrate to another. Our comparison revealed that the kiwifruit protein contains a single Cys that lies within a domain that shows significant sequence similarity to the degradative 0-ketoacyl-COA thiolases of the peroxisome, mitochondria, and the homolog in Esckerickia coli (Igual et al., 1992) . In plants the fatty acid P-oxidation pathway occurs primarily in peroxisomes (Kindl, 1993) . The thiolases, in the final step of P-oxidation, transfer acyl groups to COA via a ping-pong mechanism from acyl-COA chains, releasing acetyl-COA. The proposed mechanism includes a thioester linkage to the special Cys, producing an acyl-S-enzyme intermediate, followed by Plant Physiol. Vol. 11 2, 1996 transfer of the acyl group to COA (Gehring and Harris, 1970; Miyazawa et al., 1981) . The result is the gradual reduction in length of the fatty acid chain, two carbons per cycle, yielding acyl-CoA(,-,, and acetyl-COA.
In this study we provide evidence that the spinach CoAbinding protein and the protein encoded by the kiwifruit cDNA are homologs located in the chloroplast, and we asses their relationship to the family of thiolases.
MATERIALS AND METHODS

Plant Growth, Chloroplast Isolation, and Extract Preparation
Spinach (Spinacea olevacea cv Melody, Stocks Seeds, Buffalo, NY) was grown in a greenhouse at 22°C under cool fluorescent lights (14 h of 1ight:lO h of dark). Plants (4 weeks old) were transferred to the dark 1 d before harvesting to reduce the starch content. Leaves were homogenized with a Polytron at 4°C in GR buffer (50 mM Hepes-KOH, pH 8.0, 0.33 M sorbitol, 2 mM EDTA, 1 mM MgCl,, 5 mM sodium ascorbate, and 0.25% BSA) at a ratio of 5 mL/g of tissue (fresh weight). Intact chloroplasts recovered from the interface of 40 and 80% Perco11 step gradients were washed once in GR buffer, collected at 15008 for 5 min, and lysed in 20 mM Hepes-KOH, pH 8.0, and 1 mM PMSF to make a crude chloroplast extract.
Expression of Recombinant Precursors in
Escherichia coli Cells
A pKIWI502 cDNA clone (a 1.2-kD insert in the vector pSPORT) was kindly provided by Drs. R. Gardner and S. Ledger (University of Auckland, New Zealand). To express the gene in E. coli, oligonucleotides overlapping the initiation codon and immediately 3' of the termination codon were used to amplify the coding region of the KIWI502 gene by PCR. A 1.0-kb fragment was then subcloned into the vector pET-3d at the NcoI and BamHI sites, and the plasmid pET-3d:KIWI502 was transformed into BL21(DE3)pLysS (Studier et al., 1990) . The plasmid pET-3d::preACP that was used for the synthesis of spinach preACP was constructed previously (Yang et al., 1994 ). An overnight culture of BL21(DES)pLysS, carrying either pET-3d:KIWI or pET3d::preACP, was inoculated at a 1000-fold dilution into 10 mL of M9 medium containing 50 pg / mL ampicillin, 25 pg / mL chloramphenicol (Sigma), and 6 kg/mL sulbactum (Plizer, Groton, CT), and incubated at 37°C until AGO0 reached approximately 0.2. Cells were harvested, resuspended in 1 mL of M9 medium containing 1 mM isopropyl P-D-thiogalactopyranoside, and incubated at 37°C. Thirty minutes later, 200 pg of rifampicin was added and the cells were incubated for 90 min. After adding 10 pL of [35S]Met (100 mCi/mL, Dupont-NEN) the cells were incubated for 30 min, harvested, and lysed, and the insoluble materials were washed twice with a detergent buffer (0.5y0 Triton X-100 and 1 mM EDTA). The final pellet was dissolved in 8 M urea. Large amounts of unlabeled kiwifruit (Actinidia deliciosa) 36-kD protein were prepared according to Abad et al. (1991) and used for the production of antibodies in rabbits. After recovery in 6 M urea, they were sequentially dialyzed for 2 h against 4.5 M, 3 M, and 1.5 M urea with 1 mM PMSF, followed by 20 mM Tris-HC1, pH 8.0, to enhance refolding.
Preparation of COA-Affinity Matrix
Cyanogen bromide-activated Sepharose 4B (8 g, Pharmacia) was hydrated in 80 mL of 1 mM HC1 for 15 min while shaking. The resin was washed four times with 200 mL of 1 mM HC1 and once with 200 mL of the cross-linking buffer (0.1 M NaHCO, and 0.5 M NaC1, pH 8.3). COA (Sigma) was added to the resin at approximately 2 pmol/mL, i.e. 70 pL of 25 mM COA per ml of resin, and the cross-linking reaction (via the amino group) was carried out at 4°C for 16 h. The remaining active sites on the resin were blocked by incubating with 0.5 M Tris-HC1, pH 8.0, at room temperature for 1 h. Finally, the resin was washed three times with 200 mL of the cross-linking buffer and 200 mL of 0.1 M acetic acid. The COA-Sepharose was rinsed with distilled water before packing a glass column (18 cm X 2.5 cm) for affinity chromatography, or was stored at 4°C in 0.2% sodium azide.
COA-Affinity Column Chromatography, Fraction Analysis, and Protein Blotting
Chloroplasts were isolated from 2 kg of spinach leaves to prepare 200 mL of a high-speed extract. They were lysed in 20 mM Hepes-KOH, pH 8.0, and 1 mM PMSF at a concentration of 1 to 2 mg chlorophyll/mL. The lysate was left on ice for 1 h. Membranes were removed by centrifugation first at 10,OOOg for 20 min and then at 96,0008 for 1 h. The extract was brought to 60% saturation by gradually adding 70 g of ammonium sulfate over 30 min while stirring at 4°C. The precipitate was collected at 10,OOOg for 20 min and dissolved in 20 mL of buffer A (20 mM Hepes-KOH, pH 8.0, 5 mM MgCl,, 100 mM NaC1, and 1 mM DTT) and 1 mM PMSF. Particulates were removed by centrifugation at 10,OOOg for 20 min. The supernatant was desalted twice with Sephadex G-25 columns (Pharmacia), pooled, and diluted 5-fold with buffer A and 1 mM PMSF. This protein sample was loaded onto a 30-mL COA-Sepharose 4B column at 4°C at a flow rate of 0.25 mL/min and the flowthrough was collected. The column was then washed with 500 mL of buffer A and 0.1 mM PMSF at a flow rate of 0.5 mL/min. Bound proteins were eluted with 30 mL of 1 mM COA at 0.5 mL/min.
Fractions were analyzed by SDS-PAGE and proteins were blotted onto a nitrocellulose filter. The filter was washed twice with TTBS buffer (20 mM Tris-HC1, pH 7.5,0.5 M NaC1, and 0.3% Tween 20) for 20 min, three times in distilled water for 1 min, and soaked in colloidal gold staining solution (Bio-Rad) for approximately 30 min on a rotary platform. For protein sequencing, proteins were blotted onto a PVDFPsQ membrane (Millipore) in 10 mM 3-(cyclohexylamino)-lpropanesulfonic acid and 10% methanol, pH 11.0, for 20 h at 100 mA. The membrane was stained by 1% Ponceau S in 5% acetic acid, and the membrane with the 30-kD protein was excised for microsequencing (Rockefeller University Sequencing Facility, New York, NY).
CoA-Affinity Batch Chromatography
CoA-Sepharose was resuspended in 10 mL of buffer B (equal to buffer A, except 10 mM Hepes-KOH, pH 8.0). The protein encoded by pKIWI502 (400 ;u,L at 2 mg/mL) recovered from £. coli was added to the matrix (15 mL) and incubated with gentle shaking for 2 h at 4°C. The matrix was spun at 1300g for 5 min and the supernatant was saved as the flow-through. The matrix was washed three separate times with 30 mL of buffer B and spun at 1300g. The matrix was then incubated with 3 mL of 1 mM CoA in buffer B for 2 h at 4°C and spun at 1300g for 10 min, and the eluate was collected. Fractions were analyzed by SDS-PAGE followed by immunoblotting using antibodies that were generated against the purified kiwifruit protein that was synthesized in £. coli.
Chloroplast Import and Organelle-Free Processing Assays
Import reactions were previously described (Fernandez and Lamppa, 1990) . Chloroplasts were incubated with 3 /nL of radiolabeled recombinant precursor for 30 min at 26°C and stopped at 4°C. One-half of the reaction was treated with 100 |ug/mL thermolysin, 8 mM CaCl 2 in 50 mM Hepes-KOH, pH 8.0, 0.33 M sorbitol, and 10 mM Met for 30 min at 4°C and stopped by making it 20 mM EGTA and 2 mM PMSF. The chloroplasts were pelleted and lysed in 1 mM PMSF. Membranes were removed by centrifugation at 16,000g for 15 min. Soluble proteins were lyophilized and resuspended in 0.5 M Tris-HCl, pH 6.8, 5% j3-mercaptoethanol, 2% SDS, and 10% glycerol for SDS-PAGE, followed by autoradiography. Organelle-free processing reactions with radiolabeled substrates were carried out as described previously (Abad et al., 1988) .
Southern Blot Analysis
Spinach, kiwifruit, and wheat genomic DNAs (approximately 50 ;ug) were digested with 20 units of BamHI, Hindlll, and EcoRl at 37°C for 16 h, run on a 0.8% agarose gel, transferred to a Hybond-N membrane (Amersham), and cross-linked to the membrane at 80°C for 2 h under a vacuum. pKIWI502 was digested with Ncol and labeled with digoxigenin by random priming. Reagents and protocols were from Boehringer Mannheim. The labeling reaction (20 JJ.L), containing 100 ng of pKIWI502, 10 X hexanucleotide mixture, 10 X deoxyribonucleotide triphosphate labeling mixture, and 2 units of Klenow enzyme, was performed at 37°C for 20 h and then boiled. Before hybridization, the membrane was incubated with 25 mL of blocking buffer (450 mM NaCl, 45 mM sodium citrate, pH 7.0, 1% blocking reagent, 0.1% N-lauroylsarcosine, and 0.02% SDS) at 50°C for 3 h. The digoxigenin-labeled pKIWI502 probe (15 ng) was added in 15 mL of the above buffer and hybridized at 50°C for 16 h. The membrane was washed twice with 2X SSC (300 mM NaCl and 30 mM sodium citrate, pH 7.0) and 0.1% SDS at room temperature for 10 min, and twice with 0.5 X SSC (75 mM NaCl and 7.5 mM sodium citrate, pH 7.0) and 0.1% SDS at 65°C for 15 min. To detect the digoxigenin-labeled DNA by chemiluminescence, the membrane was blocked again and then incubated with an antidigoxigenin IgG. After adding 0.5 mL of Lumi-Phos 530 (Boehringer Mannheim) to the surface, the membrane was exposed to x-ray film for 30 min.
RESULTS
Affinity chromatographic methods were developed to identify proteins of the chloroplast that selectively bind CoA and, thus, presumably depend on an interaction with CoA for their function. A spinach chloroplast extract was clarified by centrifugation, precipitated in ammonium sulfate to remove small molecules, including endogenous CoA and its acyl forms, and then applied to a CoASepharose column (see "Materials and Methods"). After washing the column until A 280 reached baseline and at least 95% of the loaded protein flowed through (e.g. the large subunit of Rubisco; Fig. 1 , lane 2), 1 mM CoA was applied and 1-mL fractions (Fig. 1, lanes 3-11) were collected. The profiles of proteins eluted with CoA were analyzed by SDS-PAGE and colloidal gold staining. The fractions containing a 30-kD protein-one of the last to elute (starting at 0.6-0.7 mM CoA) from the matrix and, thus, with a very strong affinity for CoA-were combined, run on a second SDS-PAGE gel, and transferred to a PVDF membrane for sequencing. The 30-kD protein was digested with trypsin, and one peptide that was clearly resolved by HPLC yielded the amino acid sequence DVRLYYGA. A database search identified a kiwifruit cDNA clone (pKIWI502, accession no. L27809; Ledger and Gardner, 1994) encoding a 36-kD protein that contained a block of eight residues, that are identical to the tryptic peptide released from the spinach 30-kD protein. Assuming random amino acid usage, the probability of this match is 20 ~8, and considering the composition of the peptide it is considerably less. An additional www.plantphysiol.org on July 21, 2017 -Published by Downloaded from Copyright © 1996 American Society of Plant Biologists. All rights reserved.
Plant Physiol. Vol. 112, 1996 search of the database with the full amino acid sequence of the kiwifruit protein did not reveal extensive similarity to any known protein. However, one feature of the kiwifruit 36-kD protein was noted as significant. It contained an N-terminal region with characteristics of a transit peptide, which we predicted should be present given that the spinach 30-kD CoA-binding protein originated from chloroplast extracts.
To investigate whether pKIWI502 coded for a polypeptide that could be imported into chloroplasts, a 1.0-kb fragment of the cDNA that was equivalent to the entire open reading frame was cloned into a T7 expression vector (Studier et al., 1990) , and the recombinant [ 35 S]Metradiolabeled 36-kD protein was synthesized in £. coli. It was recovered from inclusion bodies by solubilization in 8 M urea (Fig. 2, lane 3) . Import reactions were carried out by incubating the labeled recombinant protein with spinach chloroplasts. The 36-kD protein was found primarily in the membrane fraction at the end of the reaction, and it was sensitive to thermolysin treatment, indicating that it had not crossed the envelope (Fig. 2, compare lanes 6 and 7) . In contrast, a thermolysin-resistant product of approximately 30 kD was found in the soluble fraction, indicating successful import and processing (Fig. 2, lanes 8 and 9) . The origin of the minor, more slowly migrating bands that we observed in the soluble fraction is unknown, but they could be the result of either incomplete precursor cleavage or post-import modification of the 30-kD protein. When the 36-kD protein was added to an organelle-free reaction (Abad et al., 1988) optimized for cleavage by the chloroplast processing enzyme, i.e. transit peptidase, a 30-kD protein was also produced (Fig. 2, lanes 4 and 5) . In the processing reactions the precursor for ACP was included to test for nonspecific proteolysis, which can occur if preparation of the chloroplast extract inadvertently severely disrupts the thylakoid membranes (Abad et al., 1988) . Only apoACP and holoACP (produced by an active chloroplast holoACP synthase) were observed (Fig. 2, lane 2) , showing the specificity of the assay. We conclude that pKIWI502 codes for a 36-kD polypeptide that is the precursor of a chloroplast soluble protein of 30 kD. To determine if the protein encoded by pKIWI502 is able to bind CoA, the unlabeled 36-kD protein was synthesized in E. coli, isolated from inclusion bodies, and then incubated with CoA-Sepharose using a batch chromatography protocol. The conditions were similar to those used to purify the spinach 30-kD protein by column chromatography (see "Materials and Methods"). Rabbit antibodies raised against the kiwifruit recombinant protein were used in immunoblotting experiments to analyze the chromatographic fractions. The immunoblot in Figure 3 included the kiwifruit protein recovered from E. coli (lane 6), the fraction that did not bind to the CoA-Sepharose, referred to as the flow-through (lane 1), and the protein collected in each of three buffer B washes (lanes 3-5) of the matrix. In the third wash no protein was detected. However, when 1 mM CoA was added to the elution buffer, the kiwifruit protein was released from the CoA-Sepharose matrix (Fig. 3, lane 2) . Therefore, the kiwifruit protein recognizes and specifically binds CoA. The seemingly low efficiency of binding may result from the presence of the transit peptide and/or the fact that the protein was recovered from inclusion bodies and, thus, may not be entirely refolded. Taken together, the evidence strongly indicates that the kiwifruit 30-kD "mature" protein encoded by pKIWI502 and the spinach 30-kD protein isolated by CoA-affinity chromatography are chloroplast homologs.
We examined whether a gene corresponding to the kiwifruit 36-kD protein could be identified in spinach.
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Digoxigenin-labeled pKIWI502 was used to probe a Southern blot of spinach genomic DNA digested with BamHI, Hindlll, and EcoRl. A single band of 2.2 kb was detected in the spinach digest under conditions in which the probe hybridized to an approximately 15-kb fragment of kiwifruit genomic DNA and with the expected fragments from pKIWI502 (Fig. 4) . To see if a monocot contains a related gene, wheat genomic DNA was also analyzed. A highmolecular-weight band hybridized with the probe. Both the wheat and kiwifruit DNAs were only partially digested. Nevertheless, the Southern blot shows that besides kiwifruit, a gene(s) related to pKIWI502 is present in spinach as well as in wheat. Figure 1 demonstrates that the conditions for purification of the spinach 30-kD protein are highly selective. Only a small number of proteins (eight) remain bound to the CoA-affinity column and were specifically eluted with CoA, suggesting that they require interaction with a CoA moiety for function. Similarly, the kiwifruit protein exhibits an affinity for CoA. Enzymes in this category that are needed for either fatty acid synthesis or /3-oxidation often have a special Cys residue at the active site, where it participates in acyl group transfer (Siggaard-Andersen, 1993) . Therefore, the region surrounding the single Cys residue that is found in the 30-kD protein encoded by pKIWI502 was compared with the active sites of known CoA-dependent enzymes. Surprisingly, we found (Fig. 5 ) that the Cys residue lies within a 189-amino-acid domain with significant conservation among the peroxisomal j8-ketoacyl-CoA thiolases, including the enzyme from mango (Bojorquez and Gomez-Lim, 1995) , cucumber (Preisig-Muller and Kindl, 1993) , and rat (Hijikata et al., 1990) , which carry out the degradative step in fatty acid jS-oxidation. Although amino acid sequence similarity is too low (approximately 35% in the 50 amino acids immediately surrounding the Cys, with 26% identity; approxi- -Muller and Kindl, 1993) , mango (Bojorquez and Comez-Lim, 1995) , and rat (rat p.; Hijikata et al., 1990) . The E. coli thiolase (gene fadA; Yang et al., 1990) and rat mitochondrial (rat m.; Arakawa et al., 1987) sequences are also given. The single-letter amino acid code is used. Conserved residues are shown in boldface. The amino acid number is given at the right, relative to the kiwifruit protein from the -1 position, relative to the predicted cleavage site (T) of the precursor.
mately 22% in a 189-amino-acid region; and thereafter more scattered) to be recognized by a general database search, the nearly exact alignment of the conserved residues, with almost no gaps, strongly suggests that the chloroplast 30-kD protein is related to this group of enzymes. Similarity is also found with /3-ketoacyl-CoA thiolase (the fadA gene product) from E. coli (Yang et al., 1990 ) and the rat mitochondrial degradative thiolase (Fig. 5) (Arakawa et al., 1987) . It extends to other members of the thiolase family, including the biosynthetic acetoacetyl-CoA thiolases (see "Discussion") (Igual et al., 1992) . A comparison with the KAS used in fatty acid synthesis showed that the chloroplast 30-kD protein shares some sequence relatedness around the Cys residue (PLSYDITAACSGFMLGLVSAACHVRGG; residues shown in boldface are conserved) with spinach KAS III (Tai and www.plantphysiol.org on July 21, 2017 -Published by Downloaded from Copyright © 1996 American Society of Plant Biologists. All rights reserved. Plant Physiol. Vol. 11 2, 1996 2, Jaworski, 1993 , which utilizes acetyl-COA in the first condensation step.
The active-site Cys for acyl group transfer in the mango and cucumber peroxisomal P-ketoacyl-COA thiolases is at position 104, inferred from biochemical and mutational studies of the closely related biosynthetic thiolases (Raaka and Lowenstein, 1979; Thompson et al., 1989) . Alignment of the kiwifruit chloroplast protein with the plant peroxisoma1 thiolases places the N terminus of the mature protein 103 amino acids upstream of the conserved Cys, therefore suggesting that cleavage of the 36-kD precursor polypeptide occurs between Ser5' and Ala59 during import and in the organelle-free processing assay. That is, an approximately 6-kD N-terminal sequence would be removed, in agreement with the predicted size of the transit peptide cleaved from the 36-kD precursor in these reactions. The processed, mature 30-kD protein has a predicted pI of 4.8.
Dl SCU SSl ON
We have presented evidence that a 30-kD COA-binding protein purified from spinach chloroplast extracts corresponds to a protein encoded by a kiwifruit cDNA generated (Ledger and Gardner, 1994) from RNA that was synthesized during early fruit development, a period of active cell division. We show that the kiwifruit protein synthesized in E. coli contains a functional transit peptide, which targets it to the chloroplast, where it is cleaved, yielding a 30-kD protein. Significantly, it was also able to bind COA in a specific manner. The deduced amino acid sequence of the kiwifruit protein shows significant sequence relatedness to the peroxisomal P-ketoacyl-COA thiolases in an N-terminal domain. Most importantly, it contains an active-site Cys surrounded by conserved residues found in these thiolases that are nearly identically spaced. Acyl groups are thought to be attached to the Cys via a thioester linkage during the final cleavage step of fatty acid P-oxidation before transfer to COA .
The degradative thiolases utilized for fatty acid P-oxidation actually belong to a Iarger group that includes the biosynthetic thiolases, which catalyze the reversible condensation of two acetyl-COA molecules to produce acetoacetyl-COA. Acetoacetyl-COA is used in some prokaryotes to produce poly-p-hydroxybutyrate (see Peoples and Sinskey, 1989) . In plants it is also the precursor for 3-hydroxy-3-methylglutaryl-COA during isoprenoid synthesis, but the enzymes that are necessary for the first steps of this pathway have not been well characterized (McGarvey and Croteau, 1995) . More distantly related enzymes to the thiolases include KAS family members that catalyze the initial condensation and elongation steps of fatty acid synthesis (Siggaard-Andersen, 1993) , the production of polyketide antibiotics (Bibb et al., 1989) , and the acylation of oligosacharrides that are used in signaling during legume nodulation (Fisher and Long, 1992) .
A phylogenetic analysis of members of the thiolase family from animals, fungi, and prokaryotes shows strong conservation, extending from 32 to 86% sequence identity (Igual et al., 1992) . Overall, the mango, cucumber, and rat peroxisomal degradative thiolases show 55% identity. That the kiwifruit 30-kD protein is considerably less conserved-only 22% similarity with the plant peroxisomal enzymes over 189 amino acids at the N terminus-suggests that it participates in an acyl transfer reaction distinct from these thiolases, with a different substrate specificity. In addition, the pI of the thiolases is very basic (pI = 9), whereas the pl of the kiwifruit 30-kD protein equals 4.8. A11 members of the thiolase family have a very basic C-terminal domain, which is absent in the chloroplast 30-kD protein. This C-terminal domain is highly conserved (Igual et al., 1992) and contains a second Cys that is needed for the thiolase ping-pong reaction, producing first the acyl-S-enzyme intermediate and then acyl-COA (see the introduction). Mutation of Cys378 in a prokaryotic thiolase results in a 50,000-fold decrease in thiolysis compared with the wild-type enzyme Palmer et al., 1991) . Since the cDNA coding for the kiwifruit 36-kD protein was prepared by priming poly(A)+ RNA with oligo(dT) and contains a 3' nontranslated region (Ledger and Garner, 1994) , the primary sequence deduced from it includes the C terminus. The size of the mature protein after import of the 36-kD precursor into chloroplasts also agrees with that of the spinach 30-kD protein that was purified by COA-affinity chromatography. Therefore, if the chloroplast 30-kD protein from kiwifruit, and its homolog in spinach, performs a thiolase-related role, as predicted from (a) the alignment of the conserved residues surrounding the acylaccepting Cys shown in Figure 5 and (b) its ability to bind COA, another subunit would be required to supply the second critica1 Cys for full activity. The recent production of antibodies against the kiwifruit protein should now allow an examination of its native structure.
In summary, a nove1 chloroplast protein has been identified in spinach by its ability to strongly bind COA; a homolog has been found in kiwifruit. The N-terminal domain of the kiwifruit protein, including a special Cys, resembles the peroxisomal degradative thiolases, as well as related members of this family. The chloroplast protein in both plants most probably participates in a CoAdependent acyl transfer reaction that is distinct from, although mechanistically similar to, the well-characterized degradative thiolases for the reasons outlined above. It is interesting to note that in recent experiments using the affinity chromatography approach described in this study, we have isolated another spinach chloroplast COA-binding protein (L.-M. Yang and G. Lamppa, unpublished results) that contains a 20-amino-acid block, which shows 50% identity with E. coli 3-hydroxyacyl-COA dehydrogenase (DiRusso, 1990) , the third enzyme-out of the four-required for fatty acid P-oxidation. The question arises, is there a plastid P-oxidation pathway used to reduce the chain length of a special subpopulation of acyl chains under certain conditions? An important future objective is to understand the biochemical role that the 30-kD protein plays in the plastid by the development of enzymatic assays to establish the nature of its substrates. This study using kiwifruit, showing maximal expression of the 30-kD protein gene in young fruit (Ledger and Richards, 1994) , may provide a clue to the source of tissue that is required to develop these assays.
